We examined the role of color in the processing of motion of a luminance-varying pattern by alternating the color of a moving pattern and measuring the luminance contrast required for accurate discrimination of the motion direction. We report that the contrast threshold for perceiving the direction of motion of luminance-varying patterns is greatly elevated when the mean chromaticity of the moving luminance pattern alternates between two hues. Thus, color plays a critical role in the discrimination of luminance motion direction. The magnitude of the threshold elevation is directly related to the magnitude of the LM opponent color contrast produced by the color alternation. S-cone contrast produces little or no effect. The interference produced by color alternation was greatly reduced in the retinal periphery. Our results indicate that first-order luminance motion mechanisms are sensitive to the color of moving objects as coded by a differencing of the outputs of L and M cones. Contrary to the widely accepted notion that luminance-defined motion is processed primarily in the spectrally broadband magnocellular (M) pathway, our results suggest that the hue-selective parvocellular (P) mechanisms provide input to first-order motion detectors.
Introduction
Detecting moving objects is a critical task for the visual system, which has been shown to contain specialized directionally selective mechanisms for detecting visual motion (e.g., Anstis, 1986; Smith & Snowden, 1994) . How color and motion information interact is a question of considerable current interest, in part because there are strong claims based on neurophysiological and anatomical studies suggesting that there are separate pathways for motion and color processing (Livingstone & Hubel, 1984 Maunsell & Newsome, 1987; Zeki, 1978) . Motion information is assumed to be processed primarily in the magnocellular (M) pathway, while the parvocellular (P) pathway is the site for the processing of color information. Partly as a result of this separate pathway hypothesis, many studies have attempted to clarify the relationship between motion and color processing.
Most studies of the role of color in motion have examined the motion of isoluminant patterns (e.g., Cavanagh & Anstis, 1991) , in which hue varies while luminance remains constant. With such a pattern, the perception of motion can be significantly degraded (Cavanagh, Tyler, & Favreau, 1984; Mullen & Boulton, 1992; Ramachandran & Gregory, 1978; Teller & Lindsey, 1993) , an observation that has produced considerable disagreement about the importance of color to the visual motion system (e.g., Cavanagh & Anstis, 1991; Cropper & Derrington, 1996; Dobkins & Albright, 1993; Hawken, Gegenfurtner, & Tang, 1994; Lu, Lesmes, & Sperling, 1999; Stromeyer III, Kronauer, Ryu, Chaparro, & Eskew, 1995; Wandell et al., 1999) . Some recent studies have suggested that the perception of isoluminant motion is mediated by a color-specific motion mechanism that is separate from the other luminance mechanisms (Cropper & Derrington, 1996; Gegenfurtner & Hawken, 1996) , or by a higher-order motion mechanism that tracks the salient features of a moving isoluminant pattern (Lu et al., 1999 ).
Here we ask how a color change influences the discrimination of the direction of a moving luminancevarying pattern at threshold contrasts. We shall examine the color selectivity of first-order luminance motion mechanisms. Because our primary concern is with the mechanisms responsible for the analysis of motion of luminance-varying targets, previous studies using isoluminant patterns are not informative for our purposes.
The visual system contains multiple types of motion mechanisms (Cavanagh & Mather, 1990; Lu & Sperling, 1995) . The so-called first-order motion mechanism detects simple motions of luminance-defined objects. The close correspondence between model receptive fields of first-order motion mechanisms (Adelson & Bergen, 1985; Burr, Ross, & Morrone, 1986 ) and the receptive fields of directionally selective neurons in striate cortex (De Valois, Cottaris, Mahon, Elfar, & Wilson, 2000a; Emerson, Citron, Vaughn, & Klein, 1987) suggests that the firstorder motion mechanism is initially implemented at this early stage of the visual system. Current computational models of first-order motion detection (e.g., Adelson & Bergen, 1985; Burr et al., 1986) consider only luminance, per se, and have no provision for considering possible influences of color. If the input to first-order motion detectors is assumed to come only from hue-insensitive units, as the work of Livingstone and Hubel (1984 , 1987 and Zeki (1978) would suggest, then the hue of a luminance-varying stimulus should be irrelevant to the analysis of its motion. Recent work has suggested, however, that some of the input to V1 directionally selective cells (probably the first step in the construction of the motion system) comes from chromatically opponent neurons (De Valois et al., 2000a) .
We have modified a psychophysical method introduced by Hardy and De Valois (1999) . In their experiment, observers judged the direction of two-frame apparent motion, in which each frame contained a luminance-varying unidirectional-Gabor pattern whose color was red or green. They measured the minimum motion threshold ðD min Þ, the smallest displacement between two Gabor patches required for the correct judgment of the direction of displacement. They found that D min was significantly greater when the colors of the first and the second frames were different than when they were identical. They called this masking effect motion interference. Their result suggests that color can influence judgments of the direction of luminance motion.
We consider this suggestion of Hardy and De Valois (1999) further below. Here we ask whether alternating the hue of a smoothly moving luminance grating affects the perception of luminance motion. To assess the influence of color on the most sensitive motion mechanism, presumably the first-order motion mechanism (Lu & Sperling, 1995; Nishida, 1993) , we measured the contrast threshold on direction discrimination for a luminance-varying grating. We also ask whether the particular color pair chosen makes a difference. If luminance motion system is insensitive to color of the pattern, the color alternation should have no influence on the direction discrimination threshold. However, if the contrast threshold is influenced by introducing color alternation, the motion system responsible for the discrimination of luminance motion near threshold must be sensitive to color.
Methods

Apparatus
Stimuli were generated on a PC with a VSG 2/4 (Cambridge Research Systems) graphics card and displayed on a 21 in. RGB monitor (SONY GDM400). The monitor frame rate was 150 Hz, with spatial resolution of 640 Â 480 pixels and 15 bit gray-level resolution. Viewing distance was 62 cm. Head position was stabilized by a chin rest.
Subjects
Two naive subjects (CH, MT) and one of the authors (TT) were observers. All had normal or correctedto-normal acuity. All observers had normal color vision as assessed by the Farnsworth-Munsell 100-Hue Test and the HRR Pseudo-Isochromatic Plates.
Stimuli
A drifting horizontal sine-wave grating ramped on and off by a temporal Gaussian function (t ¼ 500 ms) was displayed in a 3.0 Â 3.0°square window centered in the display. The remainder of the screen was dark (<0.01 cd/m 2 ). In Experiment 5, the pattern was displayed in the periphery (12°temporal retina). The grating spatial frequency was 0.5 cycles/deg. The temporal frequency of grating drift varied from 2 to 16 Hz. The presentation duration of the drifting grating at full contrast (excluding onset and offset ramps) was 1.2 s. A small central fixation point was displayed immediately before stimulus onset. When the moving grating was not presented, an isoluminant white uniform square of the same size and time-averaged chromaticity as the moving grating was presented throughout the experimental session to maintain the adaptation level of the subjects.
In Experiment 1, the color of the drifting grating alternated as a square-wave function between red and green or between blue and yellow. Red, green and blue were the phosphor colors, and yellow was produced by combining equal amounts of red and green to match the luminance of the blue. The chromaticity coordinates (CIE 1931) of the red, green and blue phosphors were x ¼ 0:62, y ¼ 0:35 (red), x ¼ 0:28, y ¼ 0:61 (green), and x ¼ 0:14, y ¼ 0:06 (blue), respectively. Fig. 1(A) shows a schematic space-time (x À y À t) illustration of a motion stimulus in which the color alternates between two hues while the horizontal sine-wave grating moves smoothly. As described later, the task of the subjects was to determine the direction of motion while the luminance contrast of the moving pattern was varied.
The temporal frequency of color alternation varied from 2 to 24 Hz. The space-averaged luminance of the stimuli was 8 cd/m 2 . Although the hue of the pattern alternated over time, the space-averaged luminance remained invariant.
In the other experiments, the selection of stimulus hues was determined with reference to a cone contrast color space in which two primary orthogonal axes correspond to the chromatic tuning of the LGN neurons that difference the outputs of the L and M cones (the LM axis, 0°-180°) and the LGN neurons that difference the output of the S cones from the combined L and M cone outputs (the S axis, 90°-270°) (Derrington, Krauskopf, & Lennie, 1984; Krauskopf, Williams, & Heeley, 1982; MacLeod & Boynton, 1979) . Cone contrasts were determined with respect to a white (x ¼ 0:29, y ¼ 0:31) and calculated by assuming the cone fundamentals of a standard observer (Smith & Pokorny, 1975) . Along the LM-varying axis, the maximum L-and M-cone contrasts used were 7% and 13%, respectively; along the S-varying axis, the maximum S-cone contrast was 86%. Along this axis, the output of the S cones varies while the LM output remains constant. The cone contrasts for each cone type vary sinusoidally as a function of the set of color vectors chosen (Fig. 2) (De Valois, De Valois, Switkes, & Mahon, 1997; De Valois, Cottaris, Elfar, Mahon, & Wilson, 2000b) . The hues of each pair were selected from the space shown in the isoluminant plane in Fig. 2 .
In Experiment 2, the color alternated between 0°and 180°, corresponding to opposite ends of the LM axis, or between 90°and 270°, corresponding to opposite ends of the S-varying axis. In Experiment 3, one of the two alternating colors was fixed at either 0°or 90°, and the other color varied (in different sessions) from 0°to 315°i n eight steps. Details are described later. The spaceaveraged luminance of the stimuli was 20 cd/m 2 . Although hue alternated over time, as in Experiment 1, the space-averaged luminance remained invariant. Fig. 1(B) is a schematic space-time (y À t) illustration of an upward moving stimulus in which the color alternates between 0°and 180°, corresponding to the ends of the LM-varying axis. In Fig. 1(C) , a downward moving The color alternated between two hues while the horizontal sine-wave grating moved smoothly. Sensation luminances for each color pair were equated for each subject by heterochromatic flicker photometry. (B) Schematic space-time (y À t) illustration of the motion stimulus. The color alternated between 0°and 180°, corresponding to the ends of the LM-varying axis. This shows an example of upward motion. (C) The color alternated between 90°and 270°, corresponding to the ends of the S-varying axis. This is an example of downward motion. Cone contrast was determined with respect to an isoluminant white (x ¼ 0:29, y ¼ 0:31) and calculated by assuming the cone fundamentals of a standard observer. Along the LM-varying axis, the maximum Land M-cone contrasts used were 7% and 13%, respectively; along the Svarying axis, the maximum S-cone contrast was 86% (x Â 0:5 values are shown in the figure). The cone contrasts for each cone type vary sinusoidally as a function of the color vectors chosen. The varying hues across the figure approximate the hues perceived at each chromatic angle by a normal observer under the conditions of this experiment. The filled circles indicate the cone contrasts of the hues used in Experiment 3. stimulus alternates in color between 90°and 270°, corresponding to the ends of the S-varying axis.
Sensation luminances for each color pair were individually equated for each subject by heterochromatic flicker photometry. Two colored luminance gratings having the same spatial phase were alternated at 12 Hz. The luminance of one grating was fixed, while subjects adjusted the space-averaged luminance of the other until it elicited minimum perception of flicker. In the following experiments, the mean chromaticity of the moving luminance pattern alternates between two hues. The average luminance of the luminance-modulated gratings with different mean chromaticity was equated using the sensation-equated luminance values obtained with this procedure. As a control, we conducted one experiment (Experiment 4) in which a difference in luminance between the two hues was explicitly introduced in a moving pattern in order to determine what effect a luminance mismatch might have on the direction discrimination of moving luminance patterns.
Procedure
Subjects completed a direction discrimination task. We used a two-alternative, temporal forced-choice procedure. In the direction discrimination task, the pattern moved up in one (randomly chosen) of two intervals and down in the other. By pressing one of two buttons, the subject indicated which interval contained downward motion. In the color alternation conditions, the screen color alternated during both intervals (Fig. 1) . In the other conditions, the color did not alternate (the luminance grating was defined by one color chosen from a pair of colors). These two conditions were run in random order and compared to determine the effect of color alternation. The luminance contrast of the pattern (defined according to the Michelson relationship) was varied using a staircase algorithm designed to converge to a 79% correct level (Levitt, 1971) . Contrast was decreased after three consecutive correct responses and increased after one incorrect response. The size of the contrast increments or decrements decreased as the staircase depth increased, being 0.4 log unit in the beginning and falling to a terminal value of 0.1 log unit. The threshold contrast for a given staircase was computed as the mean of the final six out of nine turning points. At least five staircases were run to determine each threshold for each subject.
3. Experiment 1--red-green/blue-yellow alternation
Results
In Experiment 1, the color alternated between red and green, or between blue and yellow. As described earlier, red, green and blue were phosphor colors while yellow was produced by combining equal amounts of red and green. Color alternation increased the luminance contrast required for directional discrimination for both color pairs (Figs. 3-6 ). In Fig. 3 , the ratio of the luminance contrast threshold with color alternation (%C Th with color alternation) to that without color alternation (%C Th without color alternation) is plotted as a function of the temporal frequency of color alternation. The threshold values without color alternation represent the average of the threshold values for each of the two hues. Different panels present data collected from three subjects. The dashed horizontal line shows the value (1.0) at which color alternation has no effect. Values greater than 1.0 indicate motion interference. Different parameters in the figure represent the temporal frequency of the drifting grating (from 2 to 16 Hz). Threshold elevation was observed at all drift temporal frequencies except 2 and 16 Hz. The amount of elevation depended on the relationship between the temporal frequencies of drift motion and color alternation. When the two temporal frequencies were similar, the lumi- Fig. 3 . Results of Experiment 1. The ratio of the luminance contrast threshold with color alternation (%C Th with color alternation) to that without color alternation (%C Th without color alternation) is plotted as a function of the temporal frequency of color alternation. Color alternated between red and green. The top panel is for subject MT, the middle panel is for TT, and the bottom panel is for CH. The symbols indicate the temporal frequency of grating drift. The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation. nance contrast required for correct direction determination increased by as much as 9Â. The elevation in threshold contrast decreased as the difference between the temporal frequencies of drift motion and color alternation increased. All subjects showed similar tendencies.
Those tendencies are clearly shown in Fig. 4 , which displays the averaged data of the three subjects from Fig. 3 . Different panels present data collected using different temporal frequencies of grating drift. The arrow in each graph indicates the temporal frequency of the drifting grating.
The greatest threshold elevation was observed when the temporal frequency of the drifting grating was 6 Hz, though drifting gratings having temporal frequencies between 4 and 12 Hz also showed substantial threshold elevation. Threshold elevation occurred when the temporal frequency of color alternation was within the range of 3-16 Hz. It disappeared entirely when the temporal frequency of color alternation was greater than about 16 Hz (see two bottom panels in Fig. 4 ). The color alternation was almost invisible at those high temporal frequencies. Threshold elevation also disappeared when the temporal frequency of color alternation was less than 3 Hz (see two top panels in Fig. 4) .
Fig. 5 presents results from sessions in which the color alternated between blue and yellow. The results are similar to those found with red-green alternation (Fig. 3) . The averaged data are shown in Fig. 6 . When the temporal frequencies of drift motion and color alternation were similar, the luminance contrast required for correct direction discrimination increased by as much as 8Â. The elevation in threshold contrast decreased as the temporal frequency difference between drift motion and color alternation increased. When the temporal frequency of color alternation was less than 3 Hz or greater than 16 Hz, the threshold elevation almost disappeared, as in the case of red-green alternation.
Though the qualitative tendencies are very similar between two color alternation conditions (Figs. 4 and 6), note that the effect is larger with red-green alternation Color alternated between blue and yellow. The top panel is for subject MT, the middle panel is for TT, and the bottom panel is for CH. Symbols indicate the temporal frequency of grating drift. The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation.
( Fig. 4 ) than with blue-yellow alternation (Fig. 6 ) at all temporal frequencies. This suggests that the color combination is an important factor in determining the strength of motion masking by color flicker. (Recall that the average luminance of any frame was the same regardless of its color, red, green, blue or yellow.) We examined this further by systematically varying the color pairs in Experiment 2.
The sensation luminances of the two alternating hues were equated in order to eliminate or minimize any residual luminance differences between frames of different colors in our motion display ( Fig. 1 ), since such a luminance mismatch could conceivably produce motion interference. The disappearance of motion interference at 16 Hz (or higher) color alternation (see Figs. 4 and 6) suggests that any residual small luminance mismatch between the two hues is not responsible for the masking observed, since such a luminance mismatch should be quite detectable at this temporal frequency. We further examine the effects of a luminance mismatch between frames in Experiment 4.
Experiment 2--chromatic axis variation
In Experiment 2, we asked what color pairs could produce strong motion interference such as that shown in Fig. 3 . To examine the relationship between the effect of color alternation and cone inputs, we chose two color pairs based on the chromatic tuning characteristics of neurons in the lateral geniculate nucleus (LGN). Fig. 2 shows the percentages of change in L, M, and S cone activation produced by shifts from white to various other hues. The cone contrast of each stimulus for each cone type is a sinusoidal function of angle in the color space; see discussion in Section 2 above. As noted earlier, in this space, 0°and 180°correspond to opposite ends of the LM axis, while 90°and 270°correspond to opposite ends of the S-varying axis.
In Experiment 2, the color alternated with a squarewave function between 0°and 180°( Fig. 1(B) ) or between 90°and 270°( Fig. 1(C) ), and the effect of color alternation on direction discrimination of luminance motion was examined as in Experiment 1. The temporal frequency of drift motion varied from 4 to 16 Hz, and that of color alternation varied from 2.4 to 24 Hz. The luminance contrast threshold for motion direction discrimination (up or down) with and without color alternation was measured to estimate the amount of motion interference.
In addition, we asked whether the temporal waveform of color alternation affects motion interference. In the experiments described above, the temporal waveform of the color variation was a square wave in order to exclude hues other than the pair chosen (Fig. 1) . Thus, the high temporal frequency components associated with the color alternation (higher harmonics) could conceivably have affected the motion interference observed. To see whether this was a factor in our results, we allowed color to vary sinusoidally between 0°and 180°, or between 90°and 270°, passing through the various intermediate hues (including an isoluminant white) in a control experiment. We set the temporal frequencies of both drifting grating and color alternation to either 4 or 10 Hz, since we found that motion interference was strongest when the temporal frequencies of drifting grating and color alternation were similar (Fig. 3) .
Results
Fig. 7 presents data for three subjects from sessions in which the color alternated between 0°and 180°, corresponding to opposite ends of the LM axis. Alternation of this color pair greatly increased the luminance contrast required for direction discrimination, thus disrupting the ability of observers to analyze the direction of motion. When the temporal frequencies of drift motion and color alternation were similar, the luminance contrast required increased by as much as 5Â. The strength of motion interference decreased as the temporal frequency difference between drift motion and color alternation increased. Since the three subjects showed similar data, we plotted their averaged data in Fig. 8 . Each panel shows the amount of motion interference observed at various temporal frequencies of grating drift. As shown in the figure, motion interference was observed at all temporal frequencies of grating drift except the highest (16 Hz). The greatest motion interference was observed when the temporal frequency of grating drift was 6 Hz, similar to the results in Fig. 3 . Motion interference disappeared when the color alternation was greater than $16 Hz and thus invisible. Therefore, selectively changing L-and M-cone contrasts across different frames interfered with motion direction discrimination, much as alternating between red and green or blue and yellow did in Experiment 1.
The amount of motion interference in the 0°-180°c ase was smaller, however, with respect to the comparable data from Experiment 1 (note the difference in the scale of the vertical axes in Figs. 4, 6 and 8). When we compared the peak motion interference at each drifting temporal frequency, we found it was %1.5 times larger when the color alternated between red and green (Fig. 4) than when it alternated between 0°and 180° (Fig. 8) . Thus, as in Experiment 1, we found that the magnitude of motion interference depends on the color pair chosen. The three subjects noted that the impression of color alternation was stronger between red and green than between 0°and 180°. In Experiment 3, we examine further the factors that determine the magnitude of motion interference.
The results were quite different when the color alternated between 90°and 270°, opposite ends of the Svarying axis ( Fig. 1(C) ), however. Along this axis, only the activation of S-cones varies, while the activation of L and M cones is fixed (Fig. 2) . In this case, color alternation produced no significant increase in direction discrimination contrast thresholds (Fig. 9 ), although the difference between the two hues is perceptually quite salient. To examine further whether differences in the amount of L-and M-cone contrasts determine the amount of motion interference, we ran additional experiments in which the various cone contrasts varied systematically (Experiment 3). Fig. 10 shows the results of an experiment in which temporal functions of alternation, sine wave and square Fig. 7 . Results of Experiment 2. The ratio of the luminance contrast threshold with color alternation to that without color alternation is plotted as a function of the temporal frequency of color alternation. Color alternated between 0°and 180°. The top panel is for subject MT, the middle panel is for TT, and the bottom panel is for CH. Symbols indicate the temporal frequency of grating drift. The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation. wave, were compared when the color alternated between 0°and 180°. The upper panel of Fig. 10 shows data collected when the temporal frequencies of drift and color alternation were both 4 Hz. The data for squarewave alternation (filled columns) were the same data shown in Figs. 7 and 8. The amount of motion interference tended to be smaller with sine-wave alternation than with square-wave alternation for three subjects, which might result from the presence of the higher harmonic components. However we found no statistically significant difference between two conditions (tð14Þ ¼ 0:66, n.s. for the averaged data). The lower panel from Fig. 10 shows data from conditions in which the temporal frequencies of drift and color alternation were 10 Hz. In this case, the amounts of motion interference seen with sine-wave and square-wave alternation were almost the same (tð14Þ ¼ 0:01, n.s. for the averaged data). When the color alternated between 90°and 270°, we did not find any significant motion interference for either square-wave (Fig. 9) or sine-wave color alternation (data are not shown). Thus, the motion interference we have found is not an artifact of the high temporal frequency components produced by square-wave color alternation. This is not surprising, since the higher temporal frequency components of color alternation would not be detected, if our sensation luminance matches were accurate. In fact, especially when the color alternation was 10 Hz, it was difficult to discriminate between the appearances of the pattern under squarewave and sine-wave alternation conditions.
Experiment 3--reference: 08 or 908
In Experiment 3, we used two colors, 0°and 90°, as reference colors. Each of these was paired with each of eight other colors ranging from 0°to 315°. The paired colors are identified in Fig. 2 . The color pairs chosen produced differences in cone contrasts that varied sinusoidally with color vector for each cone type. The cone contrasts associated with each color are marked by filled circles in Fig. 2 . Since we found earlier that the greatest motion interference was observed when the drift temporal frequency and color alternation temporal frequency were similar, we examined only those conditions (temporal frequency of both drift and color alternation was either 4 or 10 Hz). Fig. 11 shows results from sessions in which one of the two alternating colors was fixed at 0°, the +L-M Fig. 9 . Results of Experiment 2. The ratio of the luminance contrast threshold with color alternation to that without color alternation is plotted as a function of the temporal frequency of color alternation. Color alternated between 90°and 270°. The data from three subjects are averaged. The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation. end of the LM-varying axis. The amount of motion interference produced by color alternation is plotted as a function of the angle of the second (paired) color. Motion interference was greatest for the 0°-180°alterna-tion, where threshold increased as much as $4Â in both 4 and 10 Hz conditions. The results are comparable to those shown in Figs. 7 and 8. As the second (paired) color deviated from 180°, the amount of motion interference decreased. There were no consistent differences between the 4 and 10 Hz conditions.
Results
In Fig. 12 , one of the alternating colors was fixed at 90°, while the paired color varied from 0°to 315°in eight steps. All other conditions are similar to those for Fig. 11 . The motion interference was greatest when the color pairs were 90°-0°and 90°-180°, where threshold increased as much as $2.5Â in both 4 and 10 Hz conditions. The motion interference observed for the 90°-0°c ondition was comparable to that shown in Fig. 11 . As already shown in Fig. 9 , no significant motion interference was found at 90°-270°.
Motion interference was greater in perceptually more similar color pairs such as 90°-45°or 90°-135°than in the 90°-270°pair, in which the hue difference appears more pronounced. These results strongly suggest that the interference is not a function of color salience. Since differences in S-cone contrast between frames produced no motion interference (Figs. 9 and 12) while 0°-180°c olor alternation produced the greatest motion interference (Fig. 11) , we suggest that the amount of motion interference is related to the difference in contrast within the LM opponent system. The smooth curve in Fig. 11 shows the difference in the color contrast based on Land M-cone activation between the two colors of each pair, defined as
where L 1 represents the L cone excitation for one hue, L 2 is the L cone excitation for the paired hue, and similarly for M 1 and M 2 . 1 This metric characterizes the amount of difference in the activation of the LM opponent system produced by the two ends of the chromatic axis along which the color varied from frame to frame. In this particular case, ðL 1 þ M 1 Þ is equal to ðL 2 þ M 2 Þ since we equated the two frames for luminance.
In Fig. 11 , the peak of the curve was normalized to the maximum value from the data set at 10 Hz (a filled square). Motion interference was greatest when the difference in LM color contrast was greatest (the 0°-180°F ig. 11. Results of Experiment 3. The ratio of the luminance contrast threshold with color alternation to that without color alternation produced by color alternation is plotted as a function of the chromatic angle of the second (paired) color. One of the two alternating colors was fixed at 0°(represented by the pinkish red box in the upper left); the paired color was varied (in different sessions) from 0°to 315°in eight steps. The varying hues across the figure approximate the hues perceived at each chromatic angle. The temporal frequencies of drifting grating and color alternation were the same (4 or 10 Hz). The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation. Error bars represent AE1SE. The smooth curve shows the L-and M-cone excitation difference in the LM opponent system between the two colors of each pair, defined as in Eq.
(1). The peak of the curve was normalized to the maximum value from the data set at 10 Hz. Interference was greatest when the difference in cone excitations was greatest (the 0°-180°pair); it decreased as LM cone excitation differences decreased. Fig. 12 . Results of Experiment 3. The ratio of the luminance contrast threshold with color alternation to that without color alternation produced by color alternation is plotted as a function of the chromatic angle of the second (paired) color. One of the alternating colors was fixed at 90°(represented by the bluish purple box in the upper left), while the paired color was varied from 0°to 315°in eight steps. All other conditions are similar to Fig. 11 , including normalization to the same maximum value.
1 Cone excitation is different from the cone contrast shown in Fig. 2 . Cone contrast is calculated by dividing the cone excitation produced by a particular stimulus by the cone excitation produced by the adapting field. pair); it decreased as color contrast differences decreased. The two functions are closely correlated. Thus, the difference in LM opponent color contrast between the two colors of each pair captures the characteristics of the data. In Fig. 12 , the smooth curve shows the LM opponent color contrast difference between the two colors of each pair, as in Fig. 11 , including normalization to the same maximum value (the 10 Hz data from Fig. 11) . Again, the difference in LM opponent color contrast captures the characteristics of the data. Thus, measurements made with several hue pairs demonstrate that the amount of motion interference is directly related to the color contrast in the LM opponent system, with no contribution from S cone contrast and no simple relationship to either unique hues or perceptual salience.
In addition, we suggest that a difference in color contrast produced by the two pairs of alternated colors might explain the difference in the masking magnitudes for the red-green (Fig. 4) , blue-yellow (Fig. 6) , and 0°-180° (Fig. 8 ) alternation pairs. If we assume that there is no input from S-cones to the relevant motion system and compute only the difference in color contrast based on L and M cone excitations by using Eq. (1), we find that the blue-yellow pair produces a difference in color contrast 0.80Â smaller than that of the red-green pair. In the case of 0°-180°color alternation pair, the difference in color contrast based on L and M cone excitations is 0.48Â of that of red-green pair. The question is whether the amount of motion interference observed follows this relationship. The left bar in Fig. 13 shows the averaged ratio of the amount of motion interference of blue-yellow color alternation pair to red-green color alternation pair calculated from Figs. 4 and 6 (0.83) , and the right bar shows the averaged ratio of the amount of motion interference of the 0°-180°pair to the red-green pair calculated from Figs. 4 and 8 (0.53) . The horizontal dashed lines show the theoretical values of the ratio based on the difference in color contrast based on L and M cone excitations (Eq. (1)), as described above. Though there is a tendency for the observed ratios to be slightly greater than those predicted, a two-tailed t-test shows that there are no statistically significant differences between the prediction and the data (tð27Þ ¼ 0:61 for the blue-yellow pair, n.s. at the p ¼ 0:05 level, and tð27Þ ¼ 1:1 for 0°-180°pair, n.s. at the p ¼ 0:05 level). Thus, our data are consistent with the suggestion that the amount of motion interference produced by various color combinations is linearly proportional to the amount of difference in LM opponent color contrast between the two alternating colors.
Experiment 4--luminance mismatch
In Experiment 1, we suggested that possible luminance mismatches between the two alternating hues were not responsible for the motion masking, since a luminance mismatch should be detectable when the colors alternated at 16 Hz, at which motion interference disappeared (Figs. 4, 6 and 8) . In Experiment 4, we directly examined the effect of luminance differences to determine whether an unintentional luminance mismatch between frames could explain the motion interference produced by color alternation. In this experiment, the chromaticity of each frame was the same (the adapting white), but the mean luminance alternated between frames. The average luminance of one frame was 20 cd/m 2 as same as in Experiments 2 and 3, while the luminance of the other frame varied from 14 to 26 cd/m 2 in different sessions. The direction discrimination contrast threshold was measured as in the previous experiments. The temporal frequencies of both the luminance alternation and the drifting grating were 10 Hz.
In discussing Experiment 3, we suggested that the LM opponent color contrast between frames 1 and 2 determined the strength of motion interference. In the LM opponent system, the sign of the L-and M-cone contrasts are opposite at 0°and 180°, as shown in Fig. 2 . We quantified color contrast as shown in Eq. (1). However, there are other possible mechanisms than the LM opponent system that would lead to similar predictions. Assume that there is a mechanism that compares the frames of a moving display based on the total amount of difference in L-and M-cone excitations between the two alternation colors, as shown in Eq. (2), where L 1 represents the L cone excitation for one hue, L 2 is the L cone excitation for the paired hue, and similarly for M 1 and
In this metric, the differences in L-and M-cone excitation in frames 1 and 2 are simply compared irrespective of the relationship (or the sign) of the L-and M-cone contrasts. Although we would not suggest it as a reasonable model, this metric can also capture the characteristics of the data shown in Figs. 11 and 12 quite well (the smooth curves in the figures can be derived from Eq. (2)). This raises an interesting question. If we allow the luminances of the two frames to differ, our candidate mechanisms (Eqs. (1) and (2)) lead to different predictions. Our stimuli contained 7% L-cone contrast and )13% M-cone contrast at 0°, and )7% L-cone contrast and 13% M-cone contrast at 180°(see Fig. 2 ). Assume instead that the L-and M-cone contrasts are 7% and 13% in one frame, and )7% and )13% in the other frame, and run a similar experiment. This would induce the luminance variation between different frames in addition to the hue variation (we refer to this situation as ''luminance alternation'' below solely for the sake of convenience). If we use the same cone excitations in Eq.
(2), we get the same values for luminance alternation as for 0°-180°alternation, since Eq. (2) does not incorporate the sign of the cone contrasts. This is the result one would expect if the signals from L and M cones were transmitted separately, with their magnitudes being added. However, if we use Eq. (1), then the 0°-180°al-ternation produces a greater value than luminance alternation, since this metric includes the sign of the cone contrasts. We examined those hypotheses in the following experiment, which asks whether motion interference produced by color alternation and by luminance alternation can be explained by a single model, or whether the involvement of an LM chromatically opponent system (Eq. (1)) is required.
Results
Fig. 14 shows the direction discrimination contrast threshold as a function of the average luminance of the second frame. When the average luminance of both frames was 20 cd/m 2 (i.e., there was no luminance mismatch), the threshold contrast was 1.1% on average. The threshold contrast increased as the average luminance of the second frame increased or decreased from 20 cd/m 2 . When the luminance of the second frame was 24 cd/m 2 , the contrast threshold exceeded 2.3%; when the luminance of the second frame was 16 cd/m 2 , the contrast threshold reached 2.5%. Therefore, changing the average luminance between different frames can increase the contrast threshold for direction discrimination.
The first question addressed in this experiment was whether the motion interference observed in the earlier experiments could be explained by an unintentional luminance mismatch between frames that differ in color. In Fig. 14 , the contrast threshold (3.6%) obtained using a 10 Hz moving display with 10 Hz 0°-180°alternation (from Fig. 11 ) is shown by blank circles. (The data shown in Fig. 11 from the same condition represent threshold ratios, not the actual percent contrast.) Note that this contrast threshold is larger than the contrast threshold measured when the luminance of second frame was either 24 or 16 cd/m 2 . Therefore, color alternation between luminance-matched frames of 0°and 180°produced greater motion interference than that resulting from a 20% luminance mismatch between frames. This suggests that the cause of the motion interference by color alternation is not an unintended luminance mismatch between the two colors, since it is highly unlikely that our procedures would have resulted in such a large luminance mismatch.
There remains a question of whether the motion interference produced by color alternation and luminance alternation can be explained by a single mechanism, or whether we need to assume the involvement of an LM The open circles are the contrast threshold for 10 Hz 0°-180°color alternation (from Fig. 11 ). Based on the assumption described in the text, it was plotted at luminance values of 23.7 and 16.3 cd/m 2 on the x-axis.
opponent mechanism as in Eq. (1), in which the sign of cone contrasts is critical. In the color alternation experiments, the luminance was constant at 20 cd/m 2 , since the two colors were equated for luminance. We can calculate the luminance that would have been produced if we had added L and M-cone stimuli of the same sign rather than opposite signs. Given the L-and M-cone contrasts we used, the luminance would become 21.85 cd/m 2 if both L-and M-cone inputs were increments and 18.15 cd/m 2 if the L-and M-cone inputs were both decrements.
2 In these two cases, the L and M cones would be added together with the same sign, as in a luminance mechanism, and the equivalent luminance difference between the two frames would be 3.7 ( ¼ 21.85)18.15) cd/m 2 . The question is, then, whether the amount of motion interference produced by 0°-180°alternation (when L-and M-cones are added with opposite signs) is equal to, greater than, or less than that produced by luminance alternation between 21.85 and 18.15 cd/m 2 (when the L-and M-cones are added with the same sign). If color alternation produces more interference, the result would argue that Eq. (1) is more appropriate than Eq. (2). If the motion interference produced by color alternation were smaller than that produced by the matched luminance alternation, Eq. (2) would be a better predictor.
In this experiment the average luminance of one frame was fixed at 20 cd/m 2 . Therefore, we plotted the contrast threshold for 10 Hz, 0°-180°color alternation (from Fig. 11 ) at luminance values of 23.7 and 16.3 cd/ m 2 on the x-axis (3.7 is added to or subtracted from 20), based on the assumption that motion interference by luminance alternation between 21.85 and 18.15 cd/m 2 would be similar to that between 23.7 and 20.0 cd/m 2 or between 16.3 and 20.0 cd/m 2 . As shown in Fig. 14 , the contrast thresholds with color alternation were greater than the contrast threshold found when color remained constant but luminance alternated between 20 and 24 cd/m 2 , or between 20 and 16 cd/m 2 (slightly higher luminance contrasts) for all three subjects. A two-tailed t-test confirmed that the contrast thresholds for color alternation are significantly greater than those at 16 and 20 cd/m 2 luminance alternation (tð14Þ ¼ 2:09, p < 0:05), or at 20 and 24 cd/m luminance alternation (tð14Þ ¼ 2:11, p < 0:05). Thus, we conclude that the motion interference produced by color alternation is not an artifact of luminance mismatch. Rather, it results from the involvement of the LM opponent system. The responsible motion mechanism appears to compare the frames of a moving display based on the sign and the amount of L-and M-cone opponent contrasts.
Experiment 5--peripheral presentation
In the final experiment, we asked whether similar motion interference was observed in the retinal periphery. While participating in the experiments described above, subjects noticed that the colors appeared quite desaturated when the pattern was imaged in the retinal periphery. If hue--or more precisely, an LM opponent signal as suggested in the previous experiments--is an important factor in producing motion interference, then motion interference should be weaker in the peripheral retina, since earlier studies have reported some deterioration of color perception in the peripheral retina (Abramov, Gordon, & Chan, 1991 . It has been also suggested that the LM opponent system loses some opponency in the peripheral retina (Dacy, 2000) , which could also produce a deterioration in perception of color. If the motion interference we observe depends upon the chromatic response of an LM opponent system, it should be reduced in the retinal periphery. However, if the motion interference is produced by a luminance mechanism, then it should continue to be strong in the periphery.
In this experiment, stimuli were presented at an eccentricity of 15°in the temporal retina. Two stimulus sizes were examined. One was the same as that used in the previous experiments (3.0 Â 3.0°); the other was 12 Â 12°, a magnification based on the magnification factor proposed by Rovamo, Virsu, and Nasanen (1978) . Three color pairs, red-green, 0°-180°, and 90°-270°, were used. The temporal frequencies of color alternation and grating drift were either 4 or 10 Hz. Other conditions were similar to those used in the previous experiments. Fig. 15 presents data from the 3.0 Â 3.0°pattern conditions. In the top panel in Fig. 15 are results from red-green alternation; the middle panel of Fig. 15 has results from the 0°-180°alternation; the bottom panel of Fig. 15 , from the 90°-270°alternation. The top panel of Fig. 16(red-green) , the middle panel of Fig. 16(0°-180°) and the bottom panel of Fig. 16 With the smaller (3 Â 3°) stimuli, reduced motion interference was observed with red-green alternation (the top panel of Fig. 15) , and there was no motion interference in the other two color alternation condi-2 When we assume that the L-cone contrast is 7% and M-cone contrast 13%, the average luminance becomes 21.85 cd/m 2 . (As described above, the average luminance is 20.0 cd/m 2 when the Lcone contrast is 7% and M-cone contrast is )13%, or L-cone contrast was )7% and M-cone contrast was 13%.) If we assume that the L-cone contrast is )7% and M-cone contrast is )13%, the average luminance becomes 18.15 cd/m 2 .
Results
tions. The color differences either appeared weak (redgreen alternation) or were not perceived at all (0°-180°a nd 90°-270°alternation). Especially in the case of 0°-180°or 90°-270°alternation, the pattern itself looked white (very desaturated), and luminance motion was very clearly perceived. Red-green color alternation produced temporal frequency-selective-motion interference (as in the case of foveal presentation), but the absolute amount of motion interference was reduced. This would be expected if we assume that the color signal is weakened (but not completely absent) in this region of the peripheral retinal. When the size of the pattern was increased to 12 Â 12°, motion interference was observed with both red-green and 0°-180°alternations. As in the previous results, it was selective for temporal frequency, being greatest when the temporal frequencies of color alternation and drift were similar, but the amount of interference was reduced in comparison to the effects seen with the foveal presentation. At this eccentricity as in the fovea, 90°-270°alternation produced no significant motion interference. Motion interference, then, is significantly stronger in the fovea than in the periphery, even when the stimulus size is increased to compensate for cortical magnification differences. This is consistent with our suggestion that the luminance motion system compares information across frames, based on their LM opponent signals.
Discussion
Summary of results
We have further examined an observation of Hardy and De Valois (1999) , who reported that color Fig. 16 . Results of Experiment 5. The size of the pattern presented at 12°on the temporal retina was enlarged based on a cortical magnification factor (Rovamo et al., 1978) . Other conditions are similar to those in Fig. 15 . Fig. 15 . Results of Experiment 5. The ratio of the luminance contrast threshold with color alternation to that without color alternation is plotted as a function of the temporal frequency of color alternation. Color alternated between red and green (top panel), between 0°and 180°(middle panel) and between 90°and 270°(bottom panel). Filled symbols indicate the data when the pattern was presented in the periphery. The stimulus was centered at 12°in the temporal retina. The size of the pattern was the same as that used in the previous experiments (not M-scaled) . Open symbols indicate the data when the pattern was presented in the fovea (re-plotted from Figs. 4, 6 and 8). The temporal frequencies of both color alternation and grating drift were either 4 Hz (circles) or 10 Hz (triangles). The dashed horizontal line in each figure shows the value (1.0) at which there is no effect of color alternation.
alternation can interfere with discriminations of the direction of luminance motion. We found that: (1) The direction discrimination contrast threshold of a moving luminance grating increased when the color of the pattern alternated over time (motion interference). (2) The amount of motion interference was a function of temporal frequency, being greatest when the temporal frequencies of color alternation and drift motion were identical. (3) The amount of motion interference depended strongly on the chromatic axis of the pair of alternated colors. For example, 0°-180°color alternation produced substantial motion interference, but alternating 90°and 270°(a tritanopic confusion axis) did not produce any motion interference. We showed that the amount of motion interference was well predicted by a measure that quantified the contrast of an LM opponent signal between different frames. (4) A 20% mismatch in mean luminance between successive frames did not produce as much motion interference as that observed with the color alternation. (5) Presenting the patterns in the periphery reduced the amount of motion interference.
Possible mechanism
The temporal frequency selectivity of interference with direction discrimination produced by color alternation suggests that the extraction of directional information from the luminance motion stimulus is based upon an analysis of color information in the luminance pattern. We further suggest that the luminance motion system analyzes a motion display that has similar color signals in the LM opponent system, excluding the signals from S-cones. The following observations and arguments support this suggestion. (1) Variations in the strength of motion interference can be explained by assuming that the difference in the L-and M-cone contrasts (but not S-cone contrasts) between different frames determines the amount of motion interference (Fig. 13) . (2) The motion interference produced by 0°-180°alternation is greater than would be predicted if it originated in an LM non-opponent system that compares the amount of absolute L-and M-cone contrasts (Fig. 14) .
It is likely that several different motion mechanisms respond simultaneously to a moving object (Lu & Sperling, 1995) . Nonetheless, we assume that the firstorder motion mechanism underlies our measurements of contrast thresholds for the following two reasons. First, the contrast sensitivity of the first-order motion mechanism is higher than that of other motion mechanisms, including the second-order and third-order motion detectors (Lu & Sperling, 1995; Nishida, 1993) . The most sensitive motion detector, the first-order motion mechanism, should determine performance at a threshold contrast level. Similar threshold measurements have been used psychophysically to characterize the firstorder motion mechanism (Burr et al., 1986) .
Second, we used gratings moving at temporal frequencies higher than 10 Hz, at which higher-order motion mechanisms do not function well (Lu & Sperling, 1995; Lu et al., 1999) . Motion interference from color alternation was observed when the temporal frequency of drift motion was 10 or 12 Hz, suggesting that it is not produced by the higher-order motion systems. Our results thus indicate that first-order motion mechanisms are sensitive to the color of moving objects as coded by differencing the outputs of L and M cones. Directional information is preferentially extracted from luminance patterns producing similar responses in the LM opponent system. It should be noted that when the luminance contrast is greater than the threshold, clear luminance motion is perceived even in the presence of a color alternation. This motion perception could be mediated by the first-order motion system responding to high contrast, or by a higher-order motion system if the firstorder motion system is completely deactivated by color alternation. Further studies are needed to determine which motion mechanisms are functioning under these conditions. We can conclude from our results, however, that the mechanism that is responsible for detecting luminance motion near threshold level is selective for the color of the moving pattern.
Motion of isoluminant patterns
One question of considerable recent interest has been the identity of the mechanism responsible for the detection of isoluminant moving patterns. Recent studies have suggested that isoluminant motion is detected by some mechanism other than the first-order luminance motion mechanism (Cropper & Derrington, 1996; Gegenfurtner & Hawken, 1996; Lu et al., 1999; Yoshizawa, Mullen, & Baker, 2000) . Our results do not contradict those studies. We suggest that the extraction of motion information by the luminance motion mechanism relies not only on the luminance system (a chromatically nonopponent mechanism), but also on the LM opponent system. Our results do not bear on the question of whether the first-order luminance motion system responds to isoluminant chromatic motion, or whether there is a special mechanism for isoluminant color motion.
Magno-and parvo-pathways
Based on anatomical, physiological and psychophysical studies, it has been widely accepted that the magnocellular (M) pathway plays a key role in the detection of luminance motion, while the color-sensitive parvocellular (P) pathway is less involved (e.g., Livingstone & Hubel, 1988; Maunsell, 1987; Nakayama & Silverman, 1985 ; a summary of relevant discussions is in De Valois et al., 2000a) . Since the neurons in the M pathway are spectrally broadband and hence are not selective for color, first-order luminance motion mechanisms constructed from such neurons should be unselective for the color of a moving luminance-defined object.
3 However, recent studies have shown evidence of convergence of M and P inputs at the level of the striate cortex (De Valois et al., 2000a; De Yoe & Van Essen, 1988; Sawatari & Callaway, 1996) , suggesting a route through which hue-selective information could enter the luminance motion system. This is consistent with our results on motion interference suggesting that there are inputs from a color-selective pathway into first-order luminance motion detectors. We interpret our results as evidence for an input to the first-order motion detector from a chromatic (parvocellular) pathway.
Inputs from the P pathway to a first-order motion mechanism
Our data suggest that the amount of motion interference is proportional to the chromatic signal encoded by LM opponent neurons at the level of the LGN when the average luminance is equated between frames having different hues. Since the chromatic signal is modified in V1 (De Valois et al., 2000b) , our results suggest that the P input to first-order motion detectors originates either in LGN cells or in cells very early in the V1 processing stream. De Valois et al. (2000a) argued that both M and P inputs are combined to construct the directionally selective neurons in V1 that are presumed to be the neural basis of the first-order luminance motion mechanism (Adelson & Bergen, 1985; Burr et al., 1986) . Evidence of the involvement of the P pathway in motion detection has come from other studies, as well (e.g., Anderson, Drasdo, & Thompson, 1995; Merigan, Byrne, & Maunsell, 1991) . Our results support the involvement of the P pathway but also argue that the koniocellular (K) layers of the LGN, which are believed to convey the S-cone opponent signal (Hendry & Reid, 2000) , provide no input to the first-order luminance motion mechanism. This is based on the observation that color alternation between 90°and 270°, which should produce a major response in the K pathway, had no effect on the direction discrimination of luminance motion. The lack of contribution or the weak contribution of S-cone signals to luminance motion has been suggested in previous studies (Cavanagh & Anstis, 1991; Lee & Stromyer, 1989; Stockman, MacLeod, & DePriest, 1991 ).
Phase shift
A phase shift between L-and M-cone signals has been shown in some situations (Lindsey, Pokorny, & Smith, 1986; Stromeyer III, Chaparro, Tolias, & Kronauer, 1997) . Since a selective phase shift could produce luminance signals from an isoluminant chromatic change, it could conceivably be responsible for the motion interference produced by color alternation. Though we do not have direct evidence to refute this suggestion, it seems unlikely that a temporal phase shift is the cause of the motion interference we have demonstrated. The temporal phase shift of L-and M-cone signals depends on properties such as the adaptation field wavelength, mean luminance level, spatial frequency, and temporal frequency (Stromeyer et al., 1997; Swanson, Pokorny, & Smith, 1987 ). An adapting field of saturated green or orange, for which the M-cone/ L-cone ratio is nearly 1.0 or 0, produces a large temporal phase shift, but little or no phase shift is observed with an intermediate adapting field in which the M-cone/ L-cone excitation ratio is $0.5. Since our subjects were adapted to a white with an M-cone/L-cone excitation ratio of 0.53 (as noted in the procedure section), it is unlikely that our stimuli produced a strong temporal phase shift such as that observed under conditions in which the adapting field contains a saturated hue.
Light adaptation
In Experiment 4, we showed that variation in the average luminance between different frames increased the direction discrimination threshold for luminance motion. If light adaptation in motion mechanisms functioned perfectly, only contrast information would be extracted, as is implicitly assumed in most computational models of visual motion. In this case, a difference in the average luminance should not hinder motion perception. The fact that alternation of the average luminance affected motion perception (as shown in Exp. 4) suggests that light adaptation in first-order motion mechanisms is not perfect (see Takeuchi, De Valois, & Motoyoshi, 2001 , for relevant data and discussion).
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